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Scope

A There are many location methods

A vs. Selbcation (Navigation)
A Active vs

A Network based (GPS) ¥s. Single platform (DOA or AOA)

A We will concentrate on source location with a single
platform equipped with a sensor array, passive
A Emphasis on DOA estimation

A Narrowband signals only
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Outline

A Basics of DOA Estimation

A Beamforming Type
A High Resolution Type

A Adaptive Beamforming DOA Estimation in Strong
Interference

A High Resolution DOA Estimation in Multipath
A Smoothing Method

A Source Association and Locating the Sources
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Objective of DOA Estimation

A To find DOA (relative to the array orientation) of all
iIncident RF rays

A Could have multipath propagation and interference
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Narrowband Signal Sources
A A complex sinusoid

s(t)=ae’e" =ré&"
A A real sinusoid is a sum of two sinusoids

a .. a . . . . .
acos(w+ p=—e’d" +e @' =" i
2 2

A A delay of a sinusoid is a phase shift
s(t- 1) == Mord* =™ et

A Apply approximately to narrowband signals
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A Uniform Linear Array

. A signal sources(t) = r €"
0)

Al mpingeso O

with an angled,

d R " | |
1 2 N-1 N C. propagation speed

A If the received signal at sensor 13g(t) = 1)

AThen it is delayed at sensdsy D (1 - 1)d sing,
C
A Then the received signal at sensisr

) .W(I - 1)d sing,

x()=e"Px() =ef" %)Y = ©° @)
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Beamforming
A Delay-andsum type

AReverse the del ay/ phlugple
the received signal phase

A Adding all phaseshifted sensor outputs to enhance the
received SNR in that direction

M?J|¥Mw'}~wv-~-- Deley 0

Mﬂ‘r-wu.vwm Delny: 1

M"I'Jﬁ' u-\-bm-m - Delay:2
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Beamforming

A By adjusting the delay or phase shifts, we electronically steer tt
beam through all look directions to find DOA of an incident sign

A Received signal at tHéh sensor: o
) .W(I-l)d sing

I . _ J
x(D=€e"Px() =" %) = ° @GN
A g, is the incidence angle of the received signal

A The delay or phase shift of the beamformer orittheensor is
computed accor di g @agettbe oatputi | o o

N jW(l -1)d sing

yO=awx® =ae" © x0

N J.W(i-l)d [sing sin g]

=ae" ¢«
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Beamforming
A If g= g, then the output becomes

N J.W(i-l)d [Ssing -sin g']

yOl,., =€ © () =Ag¢) X

1=1 g= g | %

A l.e., the output is enhancéttimes
A Since noise is not correlated, noise is not enhanced
A So SNR is enhancadtimes

A At other steering angles, the complex weights may
cancel so the output is not enhanced or even degrade

A This is the designed purpose of a beamformer
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Beamforming

A Beam pattern: A gain pattern as a function of the
steering angle

N jW(i—l)d [sing sin g]

a¢@=ae ;
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Beamforming
A Sensor spacing is usually wavelength/2

spacing

cCreates N
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b Grating Lobes / Grating Lobes |
g s | S
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Beamforming

A Number of sensors (array aperture) are directly relatec
spatial resolution

4-element (aperture = 1.5 wavelength)7-element (aperture = 3 wavelength)
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Beamforming

A Problem 1: A wide mainlobe causes poor spatial

resolution
Two targets 10 degrees apart Cannot distinguish them
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Beamforming

A Problem 2: A strong interferer can come into a sidelob
and completely swamp weak signal in the look directic

i AT A

Beamformer output:

\ANFAR
VAV VA

A Control sidelobes by Dolp&hebyshev shading, w. limited effect
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Pros/Cons of Beamforming

A Can find only one DOA at a time

A Spatial resolution determined by number of sensors |
an array, but generally not very good unless having
large number of sensors

A Works for other array shapes also, need to know
sensor positions in an array

A Sensitive to sensor position, gain, and phase errors,
must calibrate carefully to make it work well

A Interference is a big problem
A Multipath is a much lesser problem
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MUSIC

AAbl e to find DOAs oBhmub

A High spatial resolution compared with beamforming
methods (l.e., a few antennas can result in very high
spatial resolution)

A MUSIC stands foiMultiple Signal Classifier
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Narrowband Signal Sources

A Considerl narrowband signal sources
S_L(t):rlewt’ §(D zlééyg’ T |S(): :Irjeft'/

A Assume that all amplitudes are uncorrelated

s’ =]
Bron=n 0
Vg i 0 1,

A Recall received signal on tlid sensor:

) .W(i - 1)d sing,

x()=e™Px() =" %Y = ©° @)
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Signal Model

A Put received signals at &llsensors together:

e 1 o
ex() g€  asng U
e §e® 0
ORE N SR UL CRY
e - u¢ u
B, (1) Hg (N-1)dsing 3
eC i b
|

ed a nNsteering
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Signal Model
A If there ard source signals received by the array, we g
a Nsignal model o:

x(t) = As(t) +n(t)

X(t) --- received signal vectorN by 1)
S(t) --- source signal vectorl(by 1)
n(t) --- noise vector N by 1)

A =Ta(01), --,a(0p)] (Nbyl)

() =[s(D,--- ('
A Sources are independent, noises are uncorrelated
A Column ofA can also be normalized
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The MUSIC Algorithm

A Compute theN x N correlation matrix
R, =EX)x"()} ARA" s
where R =E{{) (9} =diad 57 - §
A If the sources are somewhat correlateg SO IS not

diagonal, it will still work if R has full rank.

A If the sources are correlated such tRat  is rank defic
then 1t I s a problem. A
smoot hi ngo.

Q: Why is the rank oR_  (beirg so important?

A: It defines the dimension of the signal subspace.
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The MUSIC Algorithm

A ForN > 1, the matrixAR A" is singular, i.e.,
detAR A" ]=detR, sid] ©

A But this implies thats . is an eigenvalueRyf

A Since the dimension of the null spaceﬂcF{SA N-is
|, there aré\-1 such eigenvalues, &,

A SinceR, is nonnegative definite, there atether
eigenvaluess; suchthaf > §

A LetU; be théth eigenvector oR, correspondingstd
Ru =su; i 4,2.-- N
Si2> ‘é, | ... | i?g :()2$| | =1.+N



| GIRD SyStemS InC http://www.girdsystems.com |

Engineering Research and Development

The MUSIC Algorithm

qui:[ARsAH -Bglpi :"rili; I 1,2,---,N
A This implies
ARsAHui:(5i2 '502)Ui; I E2,-- N
é(s? - o 2.0 |
At 25T DT Az
i O; 1= 4.--N

A Partition theN-dimensional vector space into the
signal subspadd, and the noise subspace

[Us Un]:[yl uI E’l|+1 uNJ]

J

h'd

Ugs?,i¢l U,:s7=&,i %
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The MUSIC Algorithm

A The steering vectasi(g) is in the signal subspace
A Signal subspace is orthogonal to noise subspace

ARSA u _\ (S B é)ul1 I 4121... 1| (1)
,O =1 4,.-- N (2)
(1) meand linear combinations of columns &f
equal the signal subspace spanned by columhk of

(2) means the linear combinations of column#\of
l.e., the signal subspace, is orthogondlfo
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The MUSIC Algorithm

A The steering vectoa(g) is in the signal subspace

A Signal subspace is orthogonal to noise subspace

A This implies thata™ (g)U_ =0

A So the MUSIC algorithm searches through all
angbpes , and plots t1

1
P(@) =
a” (g)V,
A Whereverg= g P( )  exhibits a peak

A Peak detection will give spatial angles of all
Incident sources
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The MUSIC Algorithm

1. Compute the signal correlation matfx

2. Perform SVD/EVD onR, and separate the smalles
eigenvalues from larger eigenvalues

3. Eigenvectors corresponding to the smallest
eigenvalues form a noise subspece

4. Search through all angles  in the MUSIC spatial
spectrum )

P(q) =
a” (),
5. Peaks correspond to DOAs
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The MUSIC Algorithm

e CONENT DAL & - Mla N ERTRORY
B AT O Wiy
- i
h-l
W |
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Al
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MUSIC spatial spectrum compared with other method:
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Pros/Cons of The MUSIC Algorithm

A Can find multiple DOAs with high resolution

A Number of sensors must be more than number of
sources

A Works for other array shapes also, need to know
sensor positions in an array

A Very sensitive to sensor position, gain, and phase
errors, need careful calibration to make it work well

A Searching through alf  could be computationally
expensive

A Interference is not much a problem, just another
source whose DOA can be found with other sources

A Multipath is a big problem
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Adaptive Beamforming

A Rather than fixed weights/phase, adapt the weights
according to the signal environment

A The generalized sidelobe canceller (GSC) achieves t|
w. flexible constraints

A Delay-andsum beamformer outpyft):
y(t) =a" (@)x(®) =" ( a( 3D
A The GSC outpug(t):

y(t) =w"x(t) w"a(g,)s(?)
w IS a vector of complex weights, more general
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Adaptive Beamforming

A Q: How do we choose the weightg
A A: By some constrained optimization

A Constraints:
1) Array gain at the look direction should be preserved

y(t) =w"x(t) w"a(g,)s(1)
w a(g)=a'( gw 4

When g, = g we havey(t) =s(t)
2) Array gain at some other directions may need to be zero

w'a(g,)=a ( gw B

This is also called nulteering



| GIRD SyStemS InC http://www.girdsystems.com |

Engineering Research and Development

Adaptive Beamforming

A Jointly, we write these constraints as

ea (@) 2
éa (@,)

A More constraints, other constraints, can be imposed
A The cost function is:

El MOIF =w EXXX(8w = "Rw

A The optimization problem is:

\N

w=[a@) a 9]" w C'w %89:

minw"R w subjecttoC"w =g

w
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Adaptive Beamforming
A The solution to this optimization problem is:
w =RC(C"R.'C) g

A Since we minimize the output energy, a strong interfer
will result in a deep notch in its direction

Gain (dB)
£

060 80 €0 40 20 0 20 40 e0 80 100 Moo w0 w0 w0 2 0
Amival Angle {desree)

20 40 60 80 100
Arrival Angle (degree)
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Adaptive Beamforming
A Another interpretation: Decompogeinto
w=w, -Bw,
B is the orthogonal compliment6f C"B=0

. y(t)

X(t) ————>| Wg

|~ B

1
=™~ =
\/

[

A Upper branch: Main channel; Lower branch: Auxiliary channel
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Adaptive Beamforming
w, =C(C"C) ‘g sothatC"w, =g

. . main channel response
A l.e., Ws allows gain (null) in the
desired directions main channel m |
: Hpy — : : b
A Since C"B =0, the matrixB is a S
ﬁ b I OC k I n g ma t I I X auxiliary branch response b

signal (null) in the desired direction
I auxiliary channel A

A w, is designed to produce a replic: o O
of interference leaking into the mair et

channel to subtract it out mw

w, =(B"R,B)"'B"R w, e
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Adaptive Beamforming

A Advantages of adaptive beamforming
I Able to reduce effect of interferences from unknown angles
I Can steer look direction and multiple null directions
I Get a signal copy easily

A Shortcomings of adaptive beamforming
I Spatial resolution is still low

I Need enough weights (antenna channels) to obtain enougt
degrees of freedom: At least # of constraints + 1

I Sidelobe levels may not be controlled perfectly
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Multipath Propagation Issue

A Urban areas have a lot of multipaths

A Beamforming DOA algorithms are not affected by
this much

A MUSIC fails in multipath!

A This is because if there is multipath, two or more
DOAs will be from the same sourca.e., some
sources in MUSIC signal model are correlated

A Now with | DOAs there are less thasources
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Multipath Propagation Issue

A Correlated sources disable MUSIC!

AEQ: s(t)=[s(9, as()]"
R -ELYS() %7, 22
g@s; a'§g
A This is called rank deficiency
i The rank of AR A" will be less than
I The signal subspace has dimension lesslthan
I There are less thdmpeaks in the MUSIC spectrum

I Which of thel DOAs will give less thah peaks?
A In fact all peaks will be wrong.

m) Rank 1
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Multipath Propagation Issue

A Remedy: Spatial Smoothing, still findl DOAS
" L overlapping subarrays
I M sensors in each subarréy > |

[
|

I N total sensors
I N=M+L1T 1

:

2 L M M+1 N

A Let X (t) be the received signal vector ofithesubarray
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Multipath Propagation Issue

A One signal case: ¢ 1 o
/é,)(l(t) ? g . dsing 3
/’e Z ° N
¥ éxz(t) Q © 2dsing u
x(t) = )| éx,(t) u=|€ im t
(t) <\éxs.() =g e g) Hq) 1)
IV u
ax, () Y K? i N-1dsing 3
@e - t
_desmq
= x,(1) =a, (@) s(), %) = °© a,(§g), etc

(| 1)d sing

A In generaly (1) =g R a, (q)
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Multipath Propagation Issue
A With | DOAs:

) jW(i-l)d sing; ] Wa -1d sin g

xty=e ° ay(@)s(y) + & ° a,(Q s(}

é ) J.W(i-l)d sing, g

e 0y
=lau(@) - a.( Q3 | gt)

- Z . (i-Ldsing,

h g O e e ;

N ¥ J

m) X (t)=A,D.s(t) (Noise has been ignored so far)
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Multipath Propagation Issue
A Compute correlation matrix of each subarray
R, =E{x()x"()} #A,DRD"A}; 3
A Now average the correlation matrices of all subarrays

el ! H PH
—a EX(0X'(9) Ay ¢ EDRD /ﬁ s
| 3
A Note the dimension o, isM by |

A The dimension of the matrix in the brackets lxy |
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Multipath Propagation Issue

11 H H
—a E(x ()X () A, ZL 3D,R.D, /ﬁ s

A The matrix in the brackets has full rani L is large
enough, i.e.. 2 |

A ProvidedM > |, there is a noise subspaceRip

A Now can apply MUSIC t&®,,

A Will detectl DOAs with this spatial smoothing

A Price paid is that more sensors are requived:|, L2 |
M+L=N =) Lmore sensonrgetlat
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Source Association Under Multipath

A Several paths belong to one source, multiple sources

A Can detect all DOAs of multiple paths and multiple
sources

A But how many sources are there?

A Need to know which DOAs can be associated to whicl
sources source association

A Then locate the sources in several ways
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Source Association Under Multipath

A Once sources are associated with DOAS

I Locate the sources lsing multipath if we know the
reflection geometry back tracing

A Multipath works mzezererzezepepaparazazazs
to our advantage
In this case
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Source Association Under Multipath
A Alg. works for any DOA method, easier with MUSIC

1. Com
on al

2. Com

pute the received signal correlation matrix basec
sensors, as in MUSIC but-smoothed

pute the noise subspace magsix ~ whose rank i

the number of sourcek not the number of paths

3. Based on the estimated DOAs, compute the overall
steering matriA

4. Find

minimum eigenvalues oA"U _U"A and their

corresponding eigenvectofs , the number of these
eigenvalues Is the number of sourdes

5. Construct by J matrix Q=[g, --- q,]
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Source Association Under Multipath

6. FindJgroups of rows ofQ=[q, --- q,]

that are independent among the groups but depende
within each group, these correspond to groups of pat
associated with each source

A Dependency test can be done by, e.g., dividing the
corresponding elements in two rows and compute the
variance of the ratios
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Source Association Under Multipath

A E.g.: 15 antennas in a ULA, two sources, 5 paths
i DOA from Source 1:- 30° and - 60

i DOA from Source 2:-5°, 258 . and 5%
I We only know 5 DOAs rank ordered as:

-60°, -30, 85,25, 5
A Put them intdA in this order
A Computed eigenvalues @#"U U"A which are
{20.0559, 17.9585, 14.8226, 0.0430, 0.0088}

A Obviouslyl =5 butJ =2
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Source Association Under Multipath

80.4152 +0.4824 0.2656 + j0.112
£0.4062 +]0.4989  0.2913 +j0.112g
Q=[q, q,] $0.2290 +j0.0746 0.3954 - j0.3430
%0.2429 +]0.0498  0.3883 - j0.350¢
£0.2210 +j0.1123 0.2770 - j0.4418

& "
T E 3 g

A Dependencyteston [  ° *°
the rows ofQ

=) 1 & 2 belong to one

m) 3, 4, 5 belong to the
other

measurement of dependency

|: + L L L L 1 1 "* *’
(1.2 (1,3) (1,4) (1,5) (2,3) (2,4) (2,5) (3.4) (3,5) (4.5)
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Source Association Under Multipath

A When reflection geometry is unknown

I ldentify the LOS paths from the reflected paths if either the
source or the receiver is moving

A Once LOS paths are identified, the sources can be mc
easily located by

I Ray back tracing
I Several different angles of LOS DOA to triangulate
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Source Association Under Multipath

A Stationary receiver: All paths have fixed DOAS;

A Moving receiver: Paths have varying DOAs, DOA
variations differ between LOS path and reflected path:s

LS LS







